Introduction
============

The simultaneous profiling of biomarkers in biological samples is very important for disease diagnostics and monitoring the efficacy of drug treatments [@B1],[@B2]. Currently, the standard clinical method for identification of diagnostic biomarkers and target molecules is immunohistochemistry (IHC) [@B3]. However, IHC only shows one color and is unable to detect multiple target molecules in a single experiment. As alternatives, many other technologies, such as mass spectrometry (MS) [@B4], protein chips [@B5], reverse transcription-PCR [@B6], and fluorescence assays [@B7], [@B8], have been developed for the detection of multiple biomarkers. However, these methods face long-standing limitations. For example, the majority of the approaches require a destructive method to prepare cells or tissue specimens that may lead to the loss of three-dimensional cellular and tissue morphological information. In the commonly used fluorescence imaging, the emission peaks are usually wide, leading to spectral crosstalk in multiplex imaging. Additionally, fluorescent probes often suffer from photobleaching. Therefore, a new technique for multiplex imaging of biomarkers of interest in clinical samples is highly desirable.

Surface-enhanced Raman spectroscopy (SERS) is an ultrasensitive vibrational spectroscopic technique that has rapidly developed in recent years. The development of SERS tags represents a major step forward in the analysis of biological samples due to their distinct properties. First, Raman signals are resistant to photobleaching, thus possessing good stability under various conditions. Second, the sensitivity of SERS can be as high as the single-molecule level [@B9]-[@B11]. Moreover, the Raman signals exhibit a peak width of approximately 1-2 nm [@B12]-[@B14], which is much narrower than the peak width of traditional fluorophores and quantum dots. Thus, SERS tags are quite suitable for multiplex detection. SERS serves as a new methodology for cancer biomarker profiling with enhanced diagnostic accuracy, particularly when used to assist with intraoperative surgical guidance [@B15]-[@B18].

Currently, the commercially available Raman reporters incorporated in SERS tags are restricted to a few Raman-active compounds that are facing several problems. On one hand, Raman reporters are generally thiolated compounds, which are anchored onto SERS substrates through high-affinity metal-sulfur bonds. However, thiols are prone to oxidation, rendering them unstable [@B19]. On the other hand, traditional Raman reporters possess multiple peaks in the fingerprint region (1000-1700 cm^-1^) [@B20]-[@B23], which typically overlap with each other and cause crosstalk. Furthermore, the SERS signals might overlap or even merge with the complex background signals derived from endogenous biological substances such as proteins, phospholipids, cytochrome, etc., especially when they adsorb to the SERS substrates. Therefore, new Raman reporters with high spectral resolution and a lack of background interference must be synthesized. We and other groups have shown that several exogenous moieties, including alkynes, nitriles, azides, and deuterium, show single narrow vibrational peaks in the Raman-silent region (1800-2800 cm^-1^) [@B24]-[@B29], where the signals of biospecies are negligible, making these chemical groups highly suitable for multiplex detection.

In this report, the exogenous alkyne and nitrile groups serve as both anchors and background-free reporters. Alkyne and nitrile groups directly bind to the surfaces of metal NPs via σ-π [@B30] or π-π interactions [@B31] to produce strong single Raman peaks in the silent region. We developed a library of Raman reporters containing these two functional groups and introduced a one-pot approach to prepare SERS tags for multiplex targeting and multicolor identification of cancer biomarkers with nonoverlapping Raman signals (**Scheme [1](#SC1){ref-type="fig"}**). These SERS tags were further conjugated with different antibodies against estrogen receptor (ER), progesterone receptor (PR), and epidermal growth factor receptor (EGFR) for multicolor imaging of three different biological targets in cancer cells and human breast cancer tissues.

Materials and Methods
=====================

Materials
---------

All reagents used in the experiments were of analytical grade. HS-PEG-OCH~3~ (MW 2000) was obtained from Sigma Aldrich, and 3,3\'-dithio (succinimidylpropionate) (DTSP) was purchased from Heowns (Tianjin, China). Gold (III) chloride trihydrate (HAuCl~4~•3H~2~O) and hydroxylammonium chloride were purchased from Aladdin (Shanghai, China). Trisodium citrate was purchased from Alfa Aesar (Tianjin, China). All antibodies were obtained from Abcam (Shanghai, China). Raman dyes were purchased from Sanbang Reagent Co., Ltd. (Changchun, China). Deionized water (Milli-Q grade, Millipore) with a resistivity of 18.2 MΩ•cm was used throughout the experiment. A JEOL 1400 TEM model operating at an accelerating voltage of 100 kV was employed to capture TEM images in this study. A Hitachi U-3900 UV-vis spectrophotometer was used to record the absorbance spectrum of AuNP solutions. Dynamic light scattering (DLS) was performed on a Zeta Sizer Nano ZS (Malvern Zetasizer 300HS and He/Ne laser at 632.8 nm at scattering angles of 90 at 25 °C). A Renishaw in Via Raman microscope was used to record the Raman spectrum through the experiments. The Raman spectra of a solution was measured in capillary tubes with average length of 10 cm and diameter of 0.5 mm. Briefly, a 633 nm laser was used for sample excitation in all experiments.

The preparation of citrate-capped AuNPs (60 nm)
-----------------------------------------------

We adopted AuNPs with a diameter of 60 nm as SERS substrates. AuNPs with a narrow size distribution were prepared through the reduction of chloroauric acid with hydroxylamine hydrochloride, which consists of two steps. First, we synthesized 13 nm AuNPs. Then, 60 nm AuNPs were synthesized via a seed growth method. Briefly, hydroxylamine hydrochloride (0.2 M, 1 mL) was quickly added to the 13 nm AuNP (0.098 nM, 100 mL) solution, and then an aqueous solution of HAuCl~4~ (100 mM, 832 μL) in 40 mL of water was added dropwise with vigorous stirring, followed by the addition of another 1 mL of hydroxylamine hydrochloride (0.2 M). The resulting mixture was stirred for another 30 min. Finally, 1.6 mL of a 10% w/w trisodium citrate solution was added to the solution described above, and the mixture was stirred for another 15 min. The resulting colloidal solution was characterized using UV-Vis spectroscopy, and its maximal absorption band was observed at ∼536 nm.

The preparation of SERS tags
----------------------------

We prepared the SERS tags using a "one-pot" method. First, 0.5 μL of an SDS solution (10%) was added to 4 mL of a colloidal gold solution to prevent it from nonspecific aggregation. Next, 0.2 μL of 100 μM Raman reporters and 10 μL of 20 μM DTSP were added to the gold solutions and the mixture was shaken for 20 min. Then, 10 μL of 20 μM PEG-HS was added and shaken for another 2 h to coat the surface of AuNPs and further protect the SERS tags [@B32]. The excess PEG, Raman reporters and DTSP were removed by centrifugation at 5000 rpm for 10 min. The precipitate was dispersed in 1 mL of DI water and then incubated with 2.2 μL of antibodies (1 mg/mL) for 1 h. We removed the unconjugated free antibodies by centrifugation at 3000 rpm for 10 min. The precipitates were finally dispersed into 1 mL of Tris-HCl buffer (pH=8.5, 10×) to inactivate the unbound succinimide ester, thus avoiding nonspecific adsorption to tissue samples in subsequent experiments. After a 3 h incubation, we centrifuged the solution at 3000 rpm for 10 min again and dispersed the precipitates into PBS (pH=7.4, 1×) for imaging experiments.

Cell experiments
----------------

The human breast cancer cell line MCF-7 and 3T3 cells were used in our experiments. Cells were cultured in RPMI 1640 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO) and penicillin/streptomycin (1%, 100 μg/mL). The MTT assay was applied to assess cytotoxicity as reported elsewhere with minor modifications [@B24]. MCF-7 cells were seeded in a 96-well plate at a density of 5×10^4^ cells/mL and cultured for 24 h. The adherent cells were then treated with varied concentrations of the as-prepared probes (0, 0.0125, 0.025, 0.05, 0.1, and 0.2 nM) for 24 h. The solution was replaced with 190 µL of fresh medium and 10 µL of MTT (5 mg/mL) and incubated at 37 °C for 4 h. The dark blue formazan crystals were dissolved in 150 µL of dimethylsulfoxide and the absorbance at 490 nm was measured using a microplate reader.

For cell imaging experiments, MCF-7 and 3T3 cells were seeded in 48-well plate on a glass coverslip at a density of 5×10^4^ cells/mL. The plate was incubated in a 37 °C incubator with a 5% CO~2~ atmosphere for 24 h, ensuring cell attachment to the walls. The adherent cells were washed with PBS (1×, pH=7.4) to remove cellular metabolites. Afterwards, fresh culture medium containing the mixture of as-prepared probes with a final concentration of 0.1 nM (0.033 nM for each SERS tag) was added and incubated for 10 h. Then, all wells were washed with PBS 6 times to remove nonspecific signals, treated with 150 μL of a paraformaldehyde solution for 30 min to fix the cells, and rinsed with PBS 2 times. Before imaging, we placed the round coverslips on a glass slide and mounted the sample using glycerol-PBS. Images of the cells were obtained using a 633 nm (He-Ne laser) laser at a power of 30 mW and a 50× objective lens. The laser was focused to a micrometer-sized spot, and images were captured using scan pattern composed of 1.0 μm steps with an integration time of 1.0 s/pixel in the X and Y directions.

Tissue imaging experiments
--------------------------

Both the healthy human tissue slices and tissue slices from patients were collected from the Third Xiangya Hospital, Changsha, China. These samples were diagnosed using the current gold-standard methods in the clinic, such as a histopathological examination, before being detected with our SERS tags. The clinical samples were stored at -80 °C until further use. The handling of these samples followed all necessary safety precautions.

1\) Before imaging, we first dewaxed and hydrated the tissue slices by placing the slices at 65 °C for 1 h and then following the steps described below.

2\) Antigen retrieval (microwave retrieval method): The slides were immersed in a container containing 0.01 M citrate buffer, placed in a microwave oven, and heated to boiling for 15 min.

3\) Blocking of nonspecific antigens: After the slides were rinsed with PBS (pH=7.4, 1×) twice for 4 min each, they were incubated with 100 μL of BSA (4% in PBS) at 37 °C for 30 min to block the binding of nonspecific antigens.

4\) Then, we removed the BSA and gently dried the remaining serum around the slices for further use. We later subsequently incubated the slices with 100 μL of the probes for 1 h and thoroughly rinsed the slices with PBS to remove the probes that adsorbed nonspecifically. Finally, 10 μL of glycerol were added to seal the slide for SERS imaging.

Results and Discussion
======================

Throughout the study, AuNPs with a diameter of 60 nm were used as SERS substrates. Both the number of Raman-active chemical groups and the substituent groups in Raman reporters affect the position and intensity of the Raman peak.[@B30], [@B31] This approach represents a novel method for constructing a library of Raman reporters by screening a variety of molecules bearing alkyne or nitrile group. In addition, measurement of the relative intensities normalized to a standard molecule is a common method for comparing the signal intensities between different reporters. In this study, we selected 4-mercaptobenzonitrile (MBN) as the standard Raman dye. We screened 44 commercial compounds as Raman reporters that contained either an alkyne or nitrile group. These reporters were incorporated into SERS tags using a "one-pot" method (**Scheme [1](#SC1){ref-type="fig"}**). We subsequently evaluated their Raman shifts and intensities, counted the test results, and constructed a potential reporter library for further use (**Figure [1](#F1){ref-type="fig"}** and **Figure [S1](#SM0){ref-type="supplementary-material"}**, ESI†).

With the goal of multiplex detection, ideal SERS tags should show single narrow peaks that are highly resolved from each other. With the reporter library in hand, we functionalized the substrates with three different Raman reporters, 4-ethynyl-bipheny (color 1), phenylthiocyanate (color 2), and 4-(phenylethynyl)aniline (color 3), all of which show relatively high signal intensities (**Figure [2](#F2){ref-type="fig"}**). The concentration of the reporters was set to 5 mM. Single SERS peaks appeared in the silent region and were completely resolved from each other.

Colloidal stability is an important parameter to evaluate the performance of a nanoprobe. We tested the stability of the synthesized SERS tags using UV-Vis spectroscopy and SERS. The as-prepared SERS tags were well dispersed in an aqueous solution without agglomeration, as indicated by the red color of the AuNP solution and the corresponding typical absorption band observed at approximately 540 nm (**Figure [S2](#SM0){ref-type="supplementary-material"}**, ESI†). Moreover, the Raman signals displayed negligible changes within five days (**Figure [S3](#SM0){ref-type="supplementary-material"}**, ESI†). In addition, the pH stability of SERS tags is also an important factor to estimate the performance of a nanoprobe. We then tested signal stability of the SERS tags in solutions with different pH values (from 4 to 8). Tag 1 was used as a representative probe in this experiment. The same concentration (0.13 nM) of the as-prepared tag 1 was redispersed in the solutions for 12 h and then SERS spectra were recorded. The Raman signals displayed negligible changes in the abovementioned solutions (**Figure [S4](#SM0){ref-type="supplementary-material"}**, ESI†). Based on these results, a strong coordination effect occurring between the two unsaturated alkyne and nitrile groups and AuNPs is essential for maintaining both the colloidal and signal stability of the SERS tags in aqueous media.

Unlike conventional Raman reporters, our SERS tags incorporating alkyne and nitrile groups produced single and narrow bands in the cellular Raman-silent region. Moreover, their signals were completely separated from each other, making these tags suitable for multicolor SERS imaging. We subsequently functionalized the SERS tags with targeting ligands by incubating AuNPs with the mixture of Raman reporters and the linker DTSP. The N-hydroxysuccinimide ester in DTSP reacts with the amino groups in protein ligands [@B33], [@B34], thus endowing SERS tags with targeting ability. Using this conjugation strategy, the three different tags were conjugated to three primary antibodies against ER, PR, and EGFR, respectively, which are routinely detected in surgical pathology laboratories. The UV-Vis spectrum shows that the maximum absorption peak has a certain redshift (**Figure [S5](#SM0){ref-type="supplementary-material"}a**, ESI†), indicating that the particle size increased after the antibody conjugation. Dynamic light scattering (DLS) results further confirmed this observation (**Figure [S5](#SM0){ref-type="supplementary-material"}**b-d, ESI†).

Before performing molecular imaging, we mixed the three different SERS tags in equal proportions (0.13 nM for each tag), and the SERS signals of the mixed solution were recorded with a confocal Raman microscope. As shown in **Figure [3](#F3){ref-type="fig"}**, the red channel at 2000 cm^-1^, green channel at 2120 cm^-1^, and blue channel at 2230 cm^-1^ were assigned to tag 1, tag 2, and tag 3, respectively. Clearly, the three peaks located in the cellular Raman-silent region showed negligible spectral overlap. Thus, the as-prepared SERS tags were suitable for background-free multiplex imaging.

Next, we applied these three background-free SERS nanoprobes to image biomarkers expressed in cancer cells. The MCF-7 cell line was used as the experimental group, as it expresses ER, EGFR, and PR at high levels [@B35], while the normal cell line 3T3 was used as a control because the expression of the biomarkers is downregulated. The excellent biocompatibility of the tags was observed in MCF-7 cells (**Figure [S6](#SM0){ref-type="supplementary-material"}**, ESI†). The cell lines were treated with the mixture of tag 1, tag 2, and tag 3 for 10 h, then washed thoroughly with PBS buffer, and finally fixed with a paraformaldehyde solution for 30 min before imaging. The Raman signals in the red, green, and blue channels represent the expression of ER, EGFR, and PR, respectively (**Figure [4](#F4){ref-type="fig"}**). The Raman signals in the MCF-7 cell are much stronger than that in the 3T3 cell, due to the enhanced uptake of the SERS tags in MCF-7 cells mediated by the overexpressed receptors, consistent with the results reported elsewhere [@B35]-[@B37]. As shown in the spectra, the peaks in the cellular Raman-silent region were clearly distinguished without crosstalk. We then counted the Raman signals of the three channels for the MCF-7 and 3T3 cell lines to quantitatively analyze biomarker expression. As shown in **Figure [S7](#SM0){ref-type="supplementary-material"}**, the signal intensity of these three biomarkers in each MCF-7 cell was stronger than the signals detected in 3T3 cells. On the other hand, we explored whether the signals were derived from the tags that nonspecifically adsorbed on cell surfaces. MCF-7 cells were incubated with the same concentration of tag 1 or the mixture of these three tags without the conjugation of the targeting antibodies, then washed thoroughly with PBS buffer, and finally fixed with a paraformaldehyde solution for 30 min before Raman imaging. Raman signals were recorded using the same procedures as described above. Very weak signals were detected on the cells treated with either tag 1 or the mixture of all the three tags without conjugated antibodies (**Figure [S8](#SM0){ref-type="supplementary-material"}**, ESI†). Based on these results, the tags rarely bound to the cell surfaces in the absence of the corresponding antibodies. The imaging results confirm that these background-free SERS tags achieve multiplex profiling of biomarkers in single cells without generating false positive signals.

Based on the cellular imaging data, we further explored the use of multiple SERS tags for background-free imaging of ER, EGFR, and PR in human breast cancer tissue specimens. Pretreated tissue slices (5 μm thick) were incubated with 100 μL of mixed probes for 1 hour with slow shaking, and thoroughly washed with PBS buffer; then, the slides were sealed with a small amount of glycerol on a slide for SERS imaging. We recorded the signals at 2000, 2120, and 2230 cm^-1^, which reflect the expression of ER, EGFR, and PR, respectively. As shown in **Figure [5](#F5){ref-type="fig"}**, the breast cancer tissue shows much higher expression levels of these three biomarkers than the normal tissue under identical operating conditions, consistent with the diagnostic and prognostic classification of these tissues based on IHC (**Figure [S9](#SM0){ref-type="supplementary-material"}**, ESI†). However, the expression levels of the three biomarkers were slightly different from cancer cells, potentially because the expression profile of cancer cell receptors likely varies from cultured cells to tumors. In addition, in cancer tissue slices from the same tissue, quite different results were obtained if antigen retrieval was not performed, i.e., negligible signals were detected (**Figure [S10](#SM0){ref-type="supplementary-material"}**, ESI†). Thus, our SERS tags are a promising and useful platform to facilitate multiplex biomarker imaging in cancer diagnostics.

Conclusions
===========

In summary, we have developed a series of SERS tags through the direct coordination of alkyne and nitrile groups with AuNPs, without resorting to the use of a thiol anchor. These background-free Raman reporters were anchored onto AuNPs and displayed strong binding affinity, simplifying the preparation process. Moreover, the Raman signals of the alkyne and nitrile groups appeared in the Raman-silent region (1800 to 2800 cm^-1^) of biological samples, which is superior to traditional Raman reporters that show signals in the fingerprint region. By screening several molecules that contain either an alkyne or nitrile group, we obtained a series of SERS tags without overlapping peaks for multiplex imaging. The background-free SERS tags enabled us to profile multiple biomarkers expressed in cancer cells and human breast cancer tissues, confirming their great potential for multiplex imaging in clinical diagnosis.
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![(a) Schematic illustrating of the method used to prepare background-free SERS tags. (b) The molecular structures of HSPEG and dithiobis (succinimidyl propionate) (DTSP).](ntnov03p0113g001){#SC1}

![Comparison of the signal intensities of the single bands derived from alkyne (green) and nitrile (red) reporters in the silent region for 44 different SERS tags after excitation at 633 nm. The reporter concentration used to prepare each tag was 5 mM. 4-Mercaptobenzonitrile (MBN) was chosen as the reference. The three reporters shown in the circles were eventually used to prepare three SERS tags for multiplex profiling of cancer biomarkers in this study.](ntnov03p0113g002){#F1}

![(a) Molecular structures of three background-free Raman reporters. (b) SERS spectra of the three reporter-incorporated SERS tags. The excitation wavelength was 633 nm, and the exposure time was 2 s.](ntnov03p0113g003){#F2}

![(a) Schematic illustrating the three SERS tags. (a) Tag 1, tag 2, and tag 3 were conjugated with antibodies against ER, EGFR, and PR, respectively. (b) The SERS spectrum of the mixture of tags in equal proportions (0.13 nM for each type of tag).](ntnov03p0113g004){#F3}

![Multiplex background-free imaging of ER, EGFR and PR signals in 3T3 and MCF-7 cell lines that were simultaneously labeled with the same concentrations (0.033 nM) of tag 1, tag 2, and tag 3. Scale bar: 5 µm. The Raman spectra in the red, green, and blue channels correspond to 3T3 (dotted lines) and MCF-7 cells (solid lines) labeled with tag 1, tag 2, and tag 3, respectively. The SERS images were obtained with a 633 nm laser (30 mW), a 100× objective lens, an integration time of 1 s and a step size of 1 μm in StreamLine high-speed acquisition mode.](ntnov03p0113g005){#F4}

![Multiplex profiling of ER, EGFR, and PR expression in breast cancer tissue and normal tissue sections after treatment with a mixture of tag 1, tag 2, and tag 3 (0.2 nM for each kind of tag). Scale bar: 5 µm. The tissues were analyzed using confocal Raman imaging with a laser excitation wavelength of 633 nm (30 mW). All images were captured with 50× objective lens, an integration time of 1 s and a step size of 1 μm in StreamLine high-speed acquisition mode.](ntnov03p0113g006){#F5}

###### 

Reagent and time

  Reagent           Time
  ----------------- -----------------
  dimethylbenzene   45 min, 2 times
  ethanol (100%)    10 min, 1 time
  ethanol (90%)     10 min, 1 time
  ethanol (80%)     10 min, 1 time
  ethanol (70%)     10 min, 1 time
  tap water         5 min, 2 times
  deionized water   5 min, 2 times
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